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Abstract 

Background: In soils with a low phosphorus (P) supply, sugar beet is known to intake more P than other species 
such as maize, wheat, or groundnut. We hypothesized that organic compounds exuded by sugar beet roots 
solubilize soil P and that this exudation is stimulated by P starvation. 

Results: Root exudates were collected from plants grown in hydroponics under low- and high-P availability. 
Exudate components were separated by HPLC, ionized by electrospray, and detected by mass spectrometry in the 
range of mass-to-charge ratio (m/z) from 100 to 1000. Eight mass spectrometric signals were enhanced at least 
5-fold by low P availability at all harvest times. Among these signals, negative ions with an m/z of 137 and 147 
were shown to originate from salicylic acid and citramalic acid. The ability of both compounds to mobilize soil P 
was demonstrated by incubation of pure substances with Oxisol soil fertilized with calcium phosphate. 

Conclusions: Root exudates of sugar beet contain salicylic acid and citramalic acid, the latter of which has rarely 
been detected in plants so far. Both metabolites solubilize soil P and their exudation by roots is stimulated by P 
deficiency. These results provide the first assignment of a biological function to citramalic acid of plant origin. 



Background 

Sugar beet and wheat are similar in their phosphorus (P) 
efficiency with regard to shoot production [1] but they 
appear to use different mechanisms to overcome low avail- 
ability of soil P. Wheat has a large root system that com- 
pensates for low P influx when P availability is low, 
whereas sugar beet is able to achieve high P influx despite 
low P availability in soil [1]. The higher P influx of sugar 
beet compared to other plant species cannot solely be due 
to a more efficient uptake physiology. At low P availability, 
soil P transport is the limiting factor in P uptake [2]. 
Hence, the high P influx of sugar beet is attributed to the 
ability of the plant to mobilize, i.e. solubilize, P in the soil. 
This mobilization is most likely due to chemical modifica- 
tion of the rhizosphere by root exudates. 

Plants exude up to 30% of assimilated carbon into the 
rhizosphere [3-5]. The composition of root exudates is 
complex and includes high molecular weight (HMW) and 
low molecular weight (LMW) molecules. HMW exudates 
include secreted enzymes and mucilage, which consists 
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mainly of polysaccharides. Liebersbach et al. [6] showed 
that HMW exudates can increase P availability for plants, 
probably because carboxyl groups of polysaccharides inter- 
act with P-binding sites in the soil, which releases P into 
the soil solution. The long chains of polygalacturonate in 
HMW exudates may also cover soil particles and reduce 
the re-adsorption of phosphate [7]. Furthermore, the abil- 
ity of HMW exudates to swell and absorb water may facili- 
tate P diffusion toward the root [8]. LMW exudates 
include organic acids, sugars, phenolics, amino acids, phy- 
tosiderophores, flavonoids, vitamins and other compounds 
[4,5,9]. Phenolics might affect the speciation of iron (Fe) 
by complexation and thus might increase the availability 
of P occluded by Fe-oxides [10]. Organic acids, especially 
citrate, malate, and oxalate, are the root exudates most fre- 
quently investigated with regard to P mobilization. 

P deficiency usually increases the root exudation rate and 
alters the composition of exudates [11,6], which results in 
an enhanced release of organic acids into the soil [12,13]. 
Hernandez [14] showed that the amount of organic acids 
was less in P-stressed roots than in P-sufficient roots of 
common bean; the reduced amount of organic acids in the 
P-deficient roots likely reflected exudation of organic acids 
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from the root into the rhizosphere. These observations 
suggest that organic acids are involved in P acquisition. 

Different mechanisms have been proposed for the facili- 
tation of P acquisition by organic acids. For instance, 
citrate might increase the availability of P in the soil by 
binding calcium (Ca) and thus reducing the formation of 
insoluble complexes of Ca with P [15]. Citrate may also 
replace phosphate in complexes with Fe- and Al-oxides/ 
hydroxides (ligand exchange). These processes release P 
into the soil solution as shown by Gerke et al. [16], who 
described a positive relation between citrate sorption and 
P-solution concentration. Furthermore, citrate can com- 
plex Fe, forming a citrate-Fe-P polymer that is soluble and 
can diffuse to the roots. The root reduces the Fe, thus 
breaking the polymer and releasing P directly at the root 
surface [17]. Hence, in soil incubation experiments with 
different organic acids, citrate often had the largest effect 
on P release. 

It is still not clear, however, whether the beneficial 
effect of citrate and other organic acids on P availability 
actually occur in the rhizosphere. Most soil incubation 
experiments investigating the P-releasing effect of citrate 
were performed at relatively high concentrations of 
citrate (> 1 mmol L" 1 ) while the amount of organic acids 
released by roots is relatively low. Furthermore, organic 
acids are rapidly decomposed by rhizosphere microor- 
ganisms and adsorbed to soil particles. Because the con- 
centration of citrate in the rhizosphere soil solution is 
very low (typically < 10 [iM; [18]), the contribution of 
citrate to P release remains questionable. An exception is 
the rhizosphere of cluster roots, which have much greater 
root surface area and exudation rates than non-clustered 
roots and which generate a low pH in the rhizosphere 
and therefore support only a low level of microbial activ- 
ity [19,20]. Under these conditions, citrate might be a key 
factor for increasing the availability of P for plants. 

For plants without cluster roots, i.e., for most plant spe- 
cies, other root exudate compounds, in place of or 
together with citrate, may play important roles in increas- 
ing P availability. For example, the high P-uptake effi- 
ciency of pigeon pea is due to the exudation of piscidic 
acid [21], which is exuded in lower amounts than citrate 
but releases P more efficiently. So far, only pigeon pea is 
known to counteract P deficiency by exuding piscidic 
acid. Besides common organic acids, as yet unknown 
components of root exudates may facilitate acquisition of 
soil P by plants. Such metabolites may be identified by 
comparing the composition of root exudates produced 
under low and high P supply. The use of HPLC coupled 
with electrospray ionization and a mass spectrometer 
(HPLC-ESI-MS) is particularly suitable for this purpose 
because it allows for simultaneous untargeted detection 
of a large number of substances with concomitant deter- 
mination of their molecular weight. 



The objective of this study was to use HPLC-ESI-MS to 
identify components of exudates of sugar beet roots that 
might increase P availability in the soil. Assuming that 
P -deficient plants would exude larger amounts of the com- 
pounds that solubilize soil P, root exudates were collected 
from sugar beet plants grown in nutrient solution with 
sufficient and with low P supply. Components of root exu- 
dates produced in larger amounts under low P supply 
were identified by differential metabolic profiling and were 
tested for their ability to solubilize P in soil. 

Results 

Shoot dry weight and shoot P concentration 

|imol P L" 1 . The low P concentration resulted in a 
decreased yield that was only 10-15% of the yield 
achieved with the high P concentration (Figure 1). In the 
low P treatment, P concentration in shoot dry matter was 
0.14-0.21%, which is much less than the range considered 
sufficient (0.35-1.10%, [22]), indicating that the plants 
grown under low P were P deficient. The high-P plants 
achieved P concentrations of about 1.5% in dry matter 
(Figure 1). 

Exudation rate 

At each harvest, root exudates were collected in a trap 
solution over a 2 h period. The trap solution was lyophi- 
lized, and the dry matter was weighed and was considered 
to indicate the quantity of root exudates. The exudation 
rate was 4-5 times greater in the P-deficient plants than in 
the well-supplied plants at all three harvests (Figure 2). 
The exudation rate remained constant over the whole 
growing period. A high exudation rate under P defi- 
ciency-especially a high exudation of carboxylates-has 
often been shown [13,16,23]; see also review of Jones [18]. 
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Figure 1 Dependance of shoot dry weight and P content on P 

supply. Shoot dry matter and P concentration of sugar beet grown 

in nutrient solution containing initially 2 (low P) or 500 (high P) uM 

P is shown. Values from three harvest times are given as means ± 

standard error of 3 replicates, 
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Figure 2 Root exudation rates. Rate of root exudation of sugar beet 
grown at low (2 uM) and high (500 uM) P is shown. Values originate 
from three harvest times and are given as means ± standard error of 3 
replicates. 



The focus of this study was the difference in the composi- 
tion of the exudates between low-P and high-P plants. 

HPLC-MS analysis of root exudates 

Full-scan HPLC-MS data were collected on root exudates 
as described in Methods section. The signals were normal- 
ized to compare low-P with high-P samples separately for 
each harvest. The normalized data were manually inspected 
to remove signals originating from solvent adducts and iso- 
tope peaks. Background peaks were removed that occurred 
in the controls. The profiles of high-P and low-P exudates 
were compared, and a total of 55 and 12 signals were 
detected in a negative and positive ionization mode, respec- 
tively, that were at least 5-times higher in low-P exudates 
than in high-P exudates (Table 1). Most of these signals, 
however, occurred only at a single harvest. Only 14 signals 
in negative mode were higher in exudates collected under 
low-P conditions than under high-P conditions in at least 
two harvests. Among these, ions [M-H]~ with m/z of 137 
and 147 were selected for further investigation because of 
their distinct MS signals and the high reproducibility of the 
signals among the harvests. 

Phosphorus mobilization in soil 

Candidate compounds were tested for the ability to 
solubilize P from soil. Six compounds were selected 



from the KEGG database [24] based on their molecular 
mass, the presence of carboxylic acids and commercial 
availability: 4-hydroxbenzoic acid, urocanic acid, salicylic 
acid, pantoic acid, D-arabino-l,4-lactone, and citramalic 
acid. Compounds with carboxylic acid groups were 
selected because the effect of organic anions on the 
mobilization of phosphate in soil is mediated by their 
functional groups [25], among which carboxyls are 
known to play a central role [26] . The results of P solu- 
bilization experiment are shown in Figure 3. Only sal- 
icylic and citramalic acid (molecular weight 138 and 
148, respectively) increased P concentration significantly 
compared to the water control. The increase in concen- 
tration was by a factor of 2 and 6, respectively. The use 
of 1 mmol L" 1 solutions of candidate compounds in a 
ratio of 5 mL g" 1 of soil resulted in the addition of 
5 (imol of compounds per g of soil. This quantity was 
based on the exudation rate of 22 [ig m^h" 1 , and by 
assuming that this rate was maintained for 7 h, that the 
radius of the rhizosphere was 0.5 mm, and that the exu- 
date had a molecular weight of 147. The calculated 
value was increased by a factor of 5, which corresponds 
to a higher exudation rate than actually measured. How- 
ever, local concentration of root exudates is higher than 
the concentration in bulk soil solution. High concentra- 
tions of the candidates for P-solubilizing metabolites 
were also used to generate prominent, unequivocal 
effects. Fox et al. [27] used the same concentration 
(1 mmol I/ 1 ) and the same soil-solution ratio (1:5) to 
compare the ability of organic acids to mobilize P in a 
Spodic Horizon. 

Identification of salicylic and citramalic acids in root 
exudates of sugar beet 

The mass spectrometric signals originating from root exu- 
date components with putative molecular weights 138 and 
148 were compared with the signals generated by pure sal- 
icylic and citramalic acid standards, respectively. For this 
comparison, samples originating from the same level of P 
supply for all three harvests were pooled to give a high-P 
pool and a low-P pool. A comparison of retention times 
and fragmentation patterns, based on reverse phase chro- 
matography for salicylic acid and HILIC for citramalic 
acid (see Methods section), proved that the root exudate 
signal with an m/z value of 137 [M-H]" originated from 



Table 1 Number of HPLC-MS signals in sugar beet root exudates enhanced under low-P conditions 



Harvest 


Negative ionization (m/z 100-400) 


Negative ionization (m/z 400-1000) 


Positive ionization (m/z 100-1000) 


1 st 


35 


1 


1 




12 


8 


7 


3 rd 


15 


4 


6 



The criterion for the inclusion of a signal in the list was a threshold of at least 5-times enhancement of signal intensity after normalization for low-P as compared 
to high-P conditions. 
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Figure 3 Solubilization of soil P. Effect of different substances on P concentration in the solution of soil suspension (8 g soil in 40 ml_ of 
distilled water with tested substances at 1 mmol L" 1 ) after 5 h of incubation is shown. Values are given as means ± standard error of 3 replicates. 



salicylic acid and that the signal with an m/z value of 147 
[M-H]~ originated from citramalic acid. Salicylic and citra- 
malic acids were present in root exudates originating from 
both low- and high-P treatments but concentrations of the 
two compounds were higher with the low-P than high-P 
treatment (Figures 4 and 5). 

Discussion 

Root exudates were collected from roots grown in nutri- 
ent solution which may differ from soil grown roots by, 
for example, the lack of root hairs. However, dense root 
hairs are formed in nutrient solution under conditions of 
P deficiency [28]; actually the effect of P deficiency on 
root hairs has often been studied on hydroponically 



grown roots [29] . It therefore appears safe to assume that 
the root exudation patterns caused by different P supply 
are comparable between solution and soil grown plants. 

The ability of salicylic and citramalic acid to mobilize 
P from soil is related to their carboxyl and hydroxyl 
functionalities (Figure 6). The effect of organic anions 
on the mobilization of phosphate from soils and metal 
oxides increases with the number of carboxylic groups 
[26]. The relative position of hydroxyl and carboxyl 
groups is important [21] because it controls the ability 
of the substance to chelate Fe ions in soils where P is 
associated with Fe. 

The effect of salicylic acid on P availability in soil has 
been studied by Staunton and Leprice [30], who showed 
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Figure 4 Stimulation of citramalic acid exudation by low P 
availability. Extracted ion chromatogram from HILIC-HPLC analysis 
of citramalic acid standard (100 ng/mL) (solid line), root exudates 
generated under low-P conditions (dashed line), and root exudates 
generated under high-P conditions (dotted line). Mass transition 
147 > 87 after negative ionization was recorded. 



that salicylate increased the P concentration in the soil 
solution of a neutral calcic Luvisol. The competition 
between salicylic acid and P for sorption sites in two vari- 
able-charge soils was documented as well by Xu et al. [31]. 
On the other hand, Fox et al. [27] compared 16 organic 
acids and found no significant differences between salicylic 
acid and water in P solubilization. The discrepancy 
between their results and Staunton and Leprice [30], Xu et 
al. [31], and this study was likely caused by differences in 
the chemical form of P in the different soils. 

Citramalic acid is known as a bacterial metabolite and 
an important chiral building block for synthetic pharma- 
ceuticals, but it has rarely been detected in plants. Only 




Time [min] 



Figure 5 Stimulation of salicylic acid exudation by low P 
availability. Extracted ion chromatogram from RP-HPLC analysis of 
salicylic acid standard (100 ng/ml) (solid line), root exudates 
generated under low-P conditions (dashed line), and root exudates 
(dotted line) generated under high-P conditions. Mass transition 
137 > 93 after negative ionization was recorded. 
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Figure 6 Structures of citramalic acid and salicylic acid. 
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three reports of citramalic acid in plants exist. It was 
found in apple peels 57 years ago [32], it was detected in 
tomato juice [33], and it was identified as one of uncom- 
mon metabolites during metabolic profiling of Arabidopsis 
thaliana [34]. Neither the biosynthetic pathway nor the 
physiological function of citramalic acids is known in 
plants. Our results provide the first putative assignment of 
a biological role to this uncommon plant metabolite. 

We identified two among the eight mass spectrometric 
signals that were consistently enhanced in sugar beet 
root exudates under low-P conditions. Further work is 
needed to identify the remaining compounds and assess 
their ability to solubilize soil P. 

Conclusions 

The enhanced exudation of citramalic acid and salicylic 
acid by sugar beet roots under low P availability and solu- 
bilization of soil P by these metabolites strongly indicate 
that the function of citramalic acid and salicylic acid in 
root exudates is to increase the availability of P. While 
the presence of salicylic acid in root exudates and its 
function is established, citramalic acid has rarely been 
observed in plants before. Solubilization of soil P is the 
first biological role assigned to citramalic acid in plants. 

Methods 

Hydroponic experiment 

Sugar beet plants were grown in hydroponic culture in a 
growth chamber. Sugar beet seeds were sown in sand and 
grown only with distilled water for 14 days. Seedlings of 
similar size were selected, washed free of sand with dis- 
tilled water, and carefully transferred into pots containing 
12 L of aerated nutrient solution. The experiment included 
two levels of P, three harvests dates, and three replicate 
pots for each combination of P level and harvest date. 
Plants were grown in a growth chamber at 16/8 h light/ 
dark cycle, 25°C/16°C day/night temperature, 60%/75% 
relative humidity, and 41 W m" 2 PAR (photosynthetically 
active radiation during the day time). The composition of 
the nutrient solution was 1 mM Ca(N0 3 ) 2 .4H 2 0, 0.1 mM 
NH4NO3, 0.2 mM KC1, 0.1 mM MgS0 4 .7H 2 0, 17.9 uM 
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Fe-EDTA, 16 [iM H 3 B0 3 , 9.1 \iM MnCl 2 .4H 2 0, 0.8 uM 
ZnS0 4 .7H 2 0, 0.5 [iM (NH 4 ) 6 Mo 7 0 24 .4H 2 0, 0.3 [iM 
CuS0 4 .5H 2 0. Phosphorus was added as NaH 2 P0 4 in the 
concentration of 2 or 500 (iM, designated as low-P and 
high-P, respectively. The number of seedlings per pot 
depended on the planned harvest date for that pot: 15, 10, 
and 6 plants were placed in pots intended for the first, sec- 
ond, and third harvest, respectively. Plants were harvested 
every 2 weeks after transplanting. The nutrient solution 
was replaced and pH was measured every second day. At 
each harvest, root exudates were collected (see next sec- 
tion), shoot dry weight was recorded, and the shoot P con- 
centration was determined after digestion of 0.3 g of finely 
ground shoot material in 4 mL of HN0 3 and 2 mL of 
H 2 0 2 under pressure at 175°C for 1 h in a microwave 
oven. P was determined by the molybdate-vanadate 
method of Scheffer and Pajenkamp [35]. Root length was 
determined with the line- intercept method [36]. 

Root exudate sampling 

Whole root systems of intact plants were carefully 
washed with running de-ionized water to remove the 
nutrient solution. For collection of exudates, the whole 
root system was dipped into aerated de-ionized water in 
a glass container, the volume of which depended on the 
size (age) of the root system. The container was covered 
with aluminium foil to create dark conditions for roots. 
The roots were kept in the water for 2 h under the same 
controlled climate conditions described for plant growth. 
Rohmheld and Neumann [23] showed that for a short 
exudation period of 2 h, the roots were not harmed by 
the de-ionized water and no significant microbial degra- 
dation of the exudates occurred [23]. The collected root 
exudates were immediately frozen at -30°C, freeze dried, 
and weighed. 

Preparation of samples and standards for HPLC-MS 
analysis 

A 0.5-mg sample of each freeze-dried root exudate was 
weighed into an HPLC vial, and 100 [iL of acetonitrile 
was added. After 30 min, samples were vigorously sha- 
ken. Then 900 (iL of HPLC-quality water was added, and 
the samples were shaken again and filtered through 
Teflon membrane filters (0.2-|im pore size, 13 mm dia- 
meter, Optiflow-TF, Wicom Germany GmbH, Heppen- 
heim, Germany). Standards of citramalic acid and 
salicylic acid were prepared as 10 mg/mL stock solutions 
in methanobwater (50:50 v/v) and diluted to 100 ng/mL 
in mobile phase used for column equilibration. 

Metabolic profiling of root exudates 

For metabolic profiling of root exudates, an HPLC system 
coupled to an ion trap mass spectrometer was used. 
HPLC separation was carried out as described [37]. Mass 



spectrometry was performed with the 500-MS LC ion 
trap equipped with an electrospray ion source (Varian, 
Darmstadt, Germany). Nebulizer and drying gas pres- 
sures were set to 50 and 20 psi (345 and 138 kPa), 
respectively. Drying gas temperature was set to 350°C at 
the beginning of the gradient and was reduced gradually 
to 250°C with the increasing proportion of methanol in 
the eluate. For the detection of positive and negative 
ions, needle voltages were set to 5000 and -3500 V and 
shield voltages to 600 and -600 V, respectively. The capil- 
lary voltage was +/-50 V. In positive ionization mode, 
ions with an m/z of 100 to 1000 were collected in a single 
run, while in negative mode ranges of m/z 50-400 and ml 
z 400-1000 were scanned separately. The scan rate was 
5000 Da/s, and three consecutive scans were averaged. 
MS data were transformed into chromatograms using 
MS Data Review 6.9 (Varian) and converted into netCDF 
format. Data from positive and negative ionization modes 
were separately processed as follows: minor differences in 
retention times were corrected by peak alignment per- 
formed with XCMS version 1.5.2 [38] run under R pack- 
age 2.4.0. The resulting data were normalized to 
compensate for differences caused by uneven preparation 
of the samples as described previously [39]. 

Identification and analysis of selected metabolites 

HPLC-MS-MS detection of specific compounds was per- 
formed on an identical HPLC system with a triple quadru- 
pole mass spectrometer (1200 L, Varian). Chromatography 
was performed on a polar-modified RP-18 phase and on a 
HILIC (hydrophilic interaction chromatography) phase. 
Root exudates and test substances were separated under 
identical conditions. RP-18 chromatography was con- 
ducted as described before [40]. For HILIC, the buffer sys- 
tem consisted of (A) 25 mM ammonium acetate in water 
and (B) acetonitrile. A 10- [iL volume of sample was loaded 
onto a ZIC-HILIC (Sequant, Haltern am See, Germany) 
equilibrated with 95% B and separated in a linear gradient 
from 95-10% B in 10 min. The column was kept at 40°C 
and the flow rate was 0.2 mL/min. Salicylic acid was iden- 
tified by the mass transition 137 > 93 [M-H-C0 2 ] and a 
retention time of 7.15 min on the RP-18 phase. Citramalic 
acid was identified by the mass transition 147 > 87 [M-H- 
CH3COOH] and a retention time of 9.2 min on the HILIC 
phase. 

P solubility experiment 

Solutions of 4-hydroxy benzoic acid (Fluka, Germany), 
urocanic acid (Fluka, Germany), salicylic acid (Merck, 
Germany), citramalic acid (Aldrich, Germany), D-arabino- 
1,4-lactone (Dextera, UK), and pantoic acid (generated 
from pantolactone purchased from Aldrich, Germany, by 
hydrolysis in 0.1 M NaOH) were prepared in water at the 
concentration of 1 mmol L" 1 . pH of the solutions was 



Khorassani et al. BMC Plant Biology 201 1, 11:121 
http://www.biomedcentral.eom/1471-2229/1 1/121 



Page 7 of 8 



adjusted to 5.6 with NaOH or HCL Highly P fixing fossile 
Oxisol, containing mainly P bound to Al and Fe with 
788 mg P kg" 1 as Fe/Al-P and 330 mg P kg" 1 as Ca-P, clay 
content 50%, pH(CaCl 2 ) 5.6, P concentration in soil solu- 
tion 0.17 (imol L" 1 and Ca acetate-lactate (CAL) extracta- 
ble P of 4.3 mg kg" 1 was fertilized with 100 mg P kg" 1 as 
Ca(H 2 P04)2.H 2 0 and moistured to 22% w/w water con- 
tent. After 10 days of equilibration, 9.76 g of moist soil 
(equivalent to 8.0 g of dry soil) was mixed with 40 mL of 
the solutions of the compounds listed above or with dis- 
tilled water. Microbial degradation was prevented by add- 
ing two drops of toluene. Each treatment was replicated 
three times. The samples were shaken on a reciprocal sha- 
ker at 150 cycles per minute for 5 h, centrifuged for 
15 min at the relative centrifugation force of 2660 g, and 
the supernatant was filtered though a 0.45-|im nylon 
membrane filter. Inorganic P concentration was deter- 
mined by a molybdenum blue colorimetric method [41]. 
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